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Positron emission tomography allows noninvasive as-
sessment of myocardial blood flow and metabolism, and 
may aid in defining the extent and severity of an ischemic 
injury. This hypothesis was tested by studying, in chron-
ically instrumented dogs, regional blood flow and me-
tabolism during and after a 3 hour balloon occlusion of 
the left anterior descending coronary artery. The met-
abolic findings after ischemia were compared with the 
recovery of regional function over a 4 week period. N-
13 ammonia was used as a blood flow tracer, and C-lI 
palmitic acid and F -18 deoxyglucose as tracers of fatty 
acid and glucose metabolism, respectively. Regional 
myocardial function was monitored with ultrasonic crys-
tals implanted subendocardially. 
Regional function improved most between 24 hours 
and 1 week after reperfusion, but was still attenuated 
at 4 weeks. The slow functional recovery was paralleled 
by sustained metabolic abnormalities, reflected by seg-
Restoration of blood flow in the large coronary arteries in 
patients with evolving myocardial infarction has become an 
established therapeutic intervention (1-3). However, the 
therapeutic efficacy of this approach remains controversial 
as initial results from randomized and nonrandomized stud-
ies (4-8) show inconsistent effects of reperfusion on re-
gional myocardial function as well as on mortality. In each 
study a considerable variation in functional recovery has 
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mentally delayed clearance of c-n activity from myo-
cardium and increased uptake of F -18 deoxyglucose. Ab-
sence of blood flow and C-ll palmitic acid uptake at 24 
hours of reperfusion correlated with extensive necrosis 
as evidenced by histologic examination. Conversely, up-
take of c-n palmitic acid with delayed c-n clearance 
and increased F -18 deoxyglucose accumulation identified 
reversibly injured tissue that subsequently recovered 
functionally and revealed little necrosis. 
Thus, recovery of metabolism after 3 hours of isch-
emia is slow in canine myocardium and paralleled by 
slow recovery of function. Metabolic indexes by positron 
tomography early after reperfusion can identify necrotic 
and reversibly injured tissue. Positron tomography may 
therefore aid in defining the extent and prognosis of an 
ischemic injury in patients undergoing reperfusion dur-
ing evolving myocardial infarction. 
(J Am Coli CardioI1985;6:336-47) 
been observed. Differences in the time period of ischemia, 
collateral flow and energy demand may explain this varia-
tion. However, it is well recognized that techniques that 
allow assessment of the result of reperfusion are necessary 
for understanding the pathophysiology of reperfusion. Early 
identification of necrotic and injured but viable tissue after 
restoration of blood flow may help to define the extent of 
the ischemic injury and, consequently, the prognosis. Be-
cause cell survival requires continuing production of high 
energy phosphates, evidence of metabolic activity is ex-
pected to be a specific indicator for cell viability and, hence, 
for subsequent potential tissue recovery. 
Regional myocardial metabolism can now be evaluated 
noninvasively with positron emission tomography. It was 
the purpose of this study to examine, with positron emission 
tomography, regional myocardial blood flow and metabo-
lism during ischemia and reperfusion in a chronic dog model, 
and to compare the recovery of regional metabolism with 
the recovery of regional function. We also correlated the 
metabolic findings obtained early after reperfusion by pos-
0735-1097/85/$3.30 
lACC Vol. 6. No.2 
August 1985:336-47 
itron emission tomography with subsequent functional and 
histologic outcome to test whether metabolic indexes can 
predict tissue recovery. 
Methods 
Instrumentation. Sixteen adult mongrel dogs (weigh-
ing 21.4 to 34.3 kg, mean 26.2) were instrumented. Anes-
thesia was induced by sodium thiamylal (Suritai) and main-
tained after endotracheal intubation with a mixture of halothane 
(0.3 to 0.5%), oxygen and room air to maintain the partial 
pressure of oxygen above 100 mm Hg. The heart was ex-
posed through a left thoracotomy and the pericardial sac 
was opened wide. Tygon tubes were inserted into the left 
atrium and descending aorta to inject microspheres, with-
draw reference blood samples and monitor aortic pressure. 
Left ventricular pressure was measured through a tube in-
serted through the apex into the left ventricular cavity. 
Regional segmental length and systolic shortening were 
measured with two pairs of miniature ultrasonic crystals (5 
MHz) (Sonomicrometer, Triton). The crystals were im-
[Ylanted subendocardially I to 2 cm apart and positioned in 
a circumferential plane around the mid-left ventricle in two 
locations: one pair in the territory of the circumflex artery 
and the other in the territory of the left anterior descending 
artery. The pericardium was left open and the chest closed; 
the pneumothorax was evacuated by continuous suction until 
the negative pressure stabilized. All wires and tubes were 
passed subcutaneously to the back of the dog and brought 
out through the skin between the scapulae. Antibiotic ther-
apy (ampicillin 0.6 g daily) was instituted for 3 days after 
surgery or until body temperature had returned to normal. 
Study protocol (Fig. 1). The study protocol consisted 
of serial studies by positron tomography at control and dur-
ing coronary occlusion and reperfusion. Myocardial blood 
flow was determined each time with N-13 ammonia, while 
myocardial metabolism was evaluated using C-II palmitic 
acid (for fatty acid metabolism) and F-18 deoxyglucose (for 
glucose metabolism). C-II palmitic acid was injected during 
Figure 1. Study protocol of positron emission tomography (PET). 
CPA = C-II palmitic acid; FOG = F-18 deoxyglucose; MBF = 
determination of regional myocardial blood flow with N-13 ammonia. 
Day 0 Control PET (MBF) 
Day 1 Occlusion 
(3 hrs) 
PET (MBF, CPA) 
Reperfusion PET (MBF, CPA) 
(2 hrs) 
Day 2 
I 
PET (MBF, CPA, FOG) 
Week 1 PET (MBF, CPA, FOG) 
Week 4 PET (MBF, CPA, FOG) 
Sacrifice, Tissue Counting, Histology 
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both occlusion and reperfusion periods, whereas because of 
the long physical half-life of F-18 which would have pro-
longed the imaging procedure on day I beyond practical 
limits (2 hours), F-18 deoxyglucose was injected for the 
first time at 24 hours after reperfusion. 
Control study. The animals were allowed to recover from 
surgery for about 2 weeks. The first scintigraphic study after 
recovery served as a control study to assess normal myo-
cardial perfusion after surgery using N-13 ammonia. On the 
basis of these images, a wooden cradle was constructed for 
each dog which allowed accurate repositioning of the animal 
in subsequent studies. Control blood flow was assessed by 
the microsphere technique. 
Occlusion o{the lefi anterior descending artery. Two or 
3 days after the control study, the animals were reanes-
thetized and the left carotid artery was exposed. A 7F cath-
eter was advanced under fluoroscopic guidance into the os-
tium of the left anterior descending artery and used for 
insertion of a 5F Fogarty balloon catheter. The balloon tip 
was placed distallv to the first diagonal branch visualized 
by contrast medium. The balloon was inflated with a mixture 
of saline solution and contrast medium. Occlusion of the 
left anterior descending artery was verified by a repeated 
injection of contrast medium. The animal was then posi-
tioned in the tomograph and positron emission tomographic 
images were acquired. 
Three hours after onset (~{ occlusion, the balloon catheter 
was slowly deflated and both catheters were removed. The 
carotid artery was ligated and the cutdown site closed. Dur-
ing this procedure, electrocardiogram, blood pressure and 
regional function were continuously monitored. Before oc-
clusion, lidocaine (50 mg) was given as an intravenous bolus 
injection followed by drip infusion of a saline solution con-
taining lidocaine (I mg/min). The bolus injection of 50 mg 
of lidocaine was repeated before balloon deflation. After 
reperfusion, the animals were treated with a single dose of 
procainamide (150 mg intramuscularly). 
During occlusion, myocardial blood flow and fatty acid 
metabolites were evaluated by the injection of N-13 am-
monia and C-II palmitic acid. Microspheres were injected 
for blood flow measurements at the end of the 3 hour occlusion. 
Reperfusion. After reperfusion, injections of N-13 am-
monia ( I .2 ± 0.2 hours after reperfusion) and C-II palmitic 
acid (2.1 ± 0.3 hours) were repeated. Microsphere blood 
flow was determined after reperfusion at the time of N-13 
ammonia injection. 
Twentyjour hours, 8 days and approximately 4 weeks 
(mean 29 ± 4 days) after reperfusion, the animals were 
again anesthetized and studied using N-13 ammonia, C-Il 
palmitic acid and F-18 deoxyglucose. Hemodynamic data 
and regional function were monitored during each image 
procedure and regional myocardial blood flow was measured 
with microspheres. 
Postmortem examination. After the last study, the ani-
mals were killed with a large dose of pentobarbital and the 
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heart was excised. The left anterior descending artery was 
sectioned to verify patency. The heart was sliced into four 
to five 1.5 cm thick cross sections perpendicular to the long 
axis of the left ventricle. After staining with triphenyltetra-
zolium chloride (9), the slices were subdivided into two 
rings. One slice was prepared for histologic analysis, while 
the others were cut into six to eight segments of similar 
size, weighing 3 to 4 g each. Each piece of tissue was 
subdivided into two smaller segments to obtain subepicar-
dial and subendocardial samples for well counting of mi-
crosphere activity. 
Data acquisition and processing. Positron emission 
tomography. Imaging was performed with the UCLA whole 
body positron emission tomograph (ECAT II, Ortec, Inc.) 
( 10) with a resolution of 17 mm at full width half maximum 
of a line source and slice thickness of 19 mm. Myocardial 
perfusion was evaluated with intravenous N-13 ammonia 
(20 mCi). Three minutes after tracer injection, four to six 
cross-sectional images of the heart were acquired in the 
decay-compensated mode (half-time of N-13 ammonia, 9.9 
minutes). Myocardial fatty acid metabolism was evaluated 
with C-I i palmitic acid (20 mCi per injection) (II) admin-
istered intravenously, and serial images of one mid-left ven-
tricular cross section were acquired for 60 minutes. The 
acquisition time of each image was long enough to guarantee 
at least 400,000 counts/image; usually 10 images of 90 
seconds' , 6 of 180 seconds' and 5 of 300 seconds' duration 
were obtained. 
RegiofUll myocardial utilization of exogenous glucose was 
evaluated with F-18 deoxyglucose (l0 mCi per injection). 
The tracer was administered intravenously and images were 
obtained 40 minutes later in image planes corresponding to 
the previously acquired N-13 ammonia images. The total 
time required for image acquisition of N-13 ammonia, C-
II palmitic acid and F-18 deox yglucose studies was 3 112 
to 4 hours. 
For image processing, corresponding image planes ob-
tained after N-13 ammonia, C-II palmitic acid and F-18 
deoxyglucose injection were selected. The serial C-II pal-
mitic acid images were corrected for spillover of activity 
from the blood pool to myocardium using previously de-
scribed techniques (12). Nine to 12 circular regions of in-
terest were assigned manually on the cross-sectional images, 
equally spaced over the left ventricular myocardium in a 
clockwise fashion, to obtain segmental (30 to 40°) distri-
bution of activity. This circular matrix of regions of interest 
was then applied to all other images obtained in a given 
dog. Ischemic and control segments were defined on the N-
13 ammonia scan obtained during occlusion. Tissue tracer 
concentration was measured in the ischemic and reperfused 
segment, as well as in the control segment in the corre-
sponding flow and metabolic images, by averaging data 
from individual regions in the control and isch-
emic/reperfused segments. 
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Relative N-J3 ammonia and C-J J palmitic acid uptake 
in the ischemiclrepeifused segment was expressed as percent 
of the tracer uptake in the control segment. C-Il palmitic 
acid uptake was calculated from the first scan, which showed 
clear definition of the myocardium (180 to 360 seconds after 
injection). Regional time-activity curves were generated from 
the regions of interest and applied to control and isch-
emic/reperfused segments. C-II palmitic acid activity char-
acteristically clears from myocardium in a biexponential 
pattern (13); however, biexponential curve fitting was lim-
ited in these studies because of the increasing noise in the 
late serial images (half-time of C-ll is 20 minutes). There-
fore, monoexponential curve fitting of the first 20 minutes 
of the time-activity curve was performed. We also deter-
mined the residual activity at 20 minutes and expressed it 
as percent of the maximal activity in the same region; 20 
minutes was chosen because the early rapid clearance curve 
component is usually completed within this time period. 
Regional F-J8 deoxyglucose uptake was measured in the 
same regions and expressed as a ratio of relative F-18 deox-
yglucose uptake in the reperfused and control segments. 
Because oxygen demand largely determines myocardial blood 
flow and glucose utilization, a close agreement of the re-
gional distribution ofF-18 deoxyglucose and N-13 ammonia 
uptake exists in the normal heart. In ischemia, a dissociation 
of blood flow and F-18 deoxyglucose uptake may occur 
because of enhanced glucose utilization. In infarcted myo-
cardium, both blood flow and F-18 deoxyglucose uptake 
are characteristically reduced (14). Therefore, we normal-
ized relative F-18 deoxyglucose uptake to the relative N-13 
ammonia uptake. 
Hemodynamic and functional data. Hemodynamic, 
functional and electrocardiographic data were continuously 
monitored during each study. End-diastolic and end-systolic 
segment lengths were determined by averaging the mea-
surements of four cardiac cycles during transient halting of 
the respirator. Only cardiac cycles during sinus rhythm were 
considered for analysis. End-systole was defined from the 
derivative of left ventricular pressure, whereas fractional 
systolic shortening was calculated by (end-diastolic - end-
systolic length -:- end-diastolic length). 
Regional myocardial blood flow. Regional myocardial 
blood flow was determined with radiolabeled microspheres 
by the arterial reference withdrawal method (15). For each 
flow determination, approximately 3 X 106 microspheres 
of 15 JLm diameter were injected, labeled with one of five 
different isotopes: cobalt-57, tin-113, ruthenium-l03, nio-
bium-95 or scandium-46 (3M Company). The arterial ref-
erence sample was withdrawn through the aortic catheter at 
a constant rate (4.9 mllmin). 
Histology. Tissue analysis was performed by one of us 
(D.E.) unaware of the results of flow, metabolism or func-
tion measurements. The sections selected for histologic 
analysis were fixed in 10% neutral buffered formalin and 
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embedded in paraffin. Point counting was done on the he-
matoxylin-eosin-stained sections corresponding to the level 
of myocardium where image analysis and microsphere blood 
flow determination were performed, An ocular grid with 25 
points on a 10 x eye piece was used in combination with 
a 4 x objective lens on an American Optical microscope. 
The number of intersecting points of areas of myocardial 
infarction and normal myocardium were counted, beginning 
at the anterior portion of the interventricular septum, at the 
origin of the right ventricle. In the process of point counting, 
the distance between the grid points was slightly longer than 
that of the smallest compartments of myocyte necrosis in 
areas of patchy infarction (0.4 mm) (16). The levels were 
divided into four equal subsections, each of which was 
subdivided equally into endocardial and epicardial com-
partments, The percent of the infarcted area was then cal-
culated in each compartment using accepted features of 
myocardial necrosis (17). 
Statistical analysis. All data were expressed as mean 
and standard deviations. We used the paired and unpaired 
t test and analysis of variance. Least square fitting of data 
was applied to test for linear regression, A probability value 
of less than 0,05 was considered significant. 
Results 
In 13 dogs, the left anterior descending coronary artery 
was successfully occluded for 3 hours. One dog developed 
ventricular fibrillation during occlusion, whereas 12 dogs 
survived the occlusion and immediate reperfusion period, 
Ten dogs were restudied at 24 hours, eight at I week and 
seven at 4 weeks after reperfusion. The death of one dog 3 
weeks after reperfusion was not related to the ischemic 
injury but caused by an acute hemorrhage through the im-
planted catheters. 
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Hemodynamic data and myocardial blood flow 
(Table 1). The listed hemodynamic measurements were 
recorded at the same time as the segmental length mea-
surement by ultrasonic crystals. There were no significant 
changes in heart rate or blood pressure during the reperfusion 
phase, The blood flow measurements by microsphere at con-
trol and during occlusion and reperfusion are given in Table 
I, During occlusion, microsphere blood flow decreased to 
24 ± II % of control level and increased to 78 ± 41.0% 
immediately after reperfusion, Blood flow at 24 hours was 
80 ± 51%, at I week 84 ± 45% and at 4 weeks 82 ± 
55% of the blood flow value in the control myocardium, 
The individual blood flow data of the ischemic reperfused 
segment are displayed in Figure 2A as percent of control 
myocardium, 
Regional function (Table 1, Fig. 2B). During occlu-
sion, regional function markedly decreased in the ischemic 
segment and demonstrated systolic lengthening (+ 2,7%) 
that was still present immediately after reperfusion ( + 0.4%). 
Wall motion remained severely depressed during the first 
24 hours (21 % of preocclusion control) and slowly re-
covered over 4 weeks. At 4 weeks, regional function re-
turned to 56% of control level in the entire group, although 
recovery of function varied considerably in the study ani-
mals. End-diastolic length in the ischemic and control myo-
cardium increased significantly during occlusion and early 
reperfusion but was not significantly different at 4 weeks 
from control level. 
Positron emission tomographic imaging. Coronary 
occlusion (Table 2), Relative myocardial blood flow, as 
determined by N -13 ammonia uptake, decreased in the isch-
emic segment to 31.8 ± 10.6% of the value in the control 
segments, This 68% flow reduction in the ischemic segment 
was not significantly different from the 76% flow reduction 
determined by microspheres, There was a close agreement 
Table 1. Hemodynamic Data and Length Measurements in 10 Dogs 
Reperfusion 
I Week 4 Weeks 
Control Occlusion 2 Hours 24 Hours (n=8) (n=7) 
HR (beats/min) 130 ± 46 125 ± 24 135 ± 28 135 ± 16 117 ± 27 118 ± II 
BP (mm Hg) 146 ± 20 130 ± 12 126 ± 17 121 ± 12 131 ± 13 126 ± 10 
MBF (mllmin per 100 g) 
Isch/rep 137.6 ± 51.8 30.8 ± 14.9t 100.9 ± 52.5* 102.4 ± 65.6* 120.0 ± 64.9 100.6 ± 69.0 
Control 123.0 ± 55.4 126.1 ± 48.9 128.0 ± 39.4 127.3 ± 39.7 142.0 ± 35.4 125.0 ± 37.2 
FS (%) 
Isch/rep 22.4 ± 8.5 -2.7 ± 3.7* -0.4 ± 6.7§ 4.7 ± 7.9§ 12.7 ± 7.8+ i2.6 ± 7.5+ 
Control 15.6 ± 10.0 11.8 ± 6.8:j: 12.5 ± 6.6:j: 14.9 ± 6.6 14.6 ± 6.6 14.7 ± 5.2 
EDL (mm) 
Isch/rep 10.8 ± 2.4 12.8 ± 2.7:1: 12.6 ± 2.7:1: 11.4 ± 2.4 10.5 ± 2.4 10.2 ± 1.81 
Control 15.4 ± 3.0 16.4 ± 2.8:1: 16.5 ± 2.6:1: 15.9 ± 3.0 15.9 ± 3.6 16.4 ± 2.3 
* p < 0.05; t p < 0.01 (paired t test vs. control myocardium); :I: p < 0.05; § P < 0.01 (analysis of variance vs. control study). BP = blood pressure; 
EDL = left ventricular end-diastolic length; FS = fractional shortening; HR = heart rate; Isch/rep = ischemic/reperfused myocardium; MBF = 
myocardial blood flow. 
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Figure 2. Individual data on 10 dogs. A, Regional myocardial 
blood flow deteimined by microspheres in the ischemic/reperfused 
segment. All values are expressed as percent of blood flow in the 
control myocardium. B, Regional segmental shortening in the isch-
emic/reperfused myocardium expressed as percent fractional short-
ening (end-diastolic length - end-systolic length/end-diastolic 
length). 
of both measurements (r = 0.78). The relative decrease of 
C-ll palmitic acid uptake to 36.0 ± 11.0% in the ischemic 
segment paralleled the blood flow reduction (r = 0.75). 
Clearance of C-Il activity in the ischemic segment was 
significantly slower, and residual activity increased in the 
ischemic segment as compared with control myocardium. 
Reperfusion (Table 2, Fig. 3). Deflation and removal of 
the balloon catheter resulted in a significant increase of 
myocardial blood flow, evidenced by increased N -13 am-
monia uptake (p < 0.001), which correlated with the mi-
crosphere data obtained at the same time (r = 0.73). Res-
toration of blood flow was followed by an increase of 
C-ll palmitic acid uptake in the reperfused segment (r = 
0.88). Despite increased blood flow and tissue uptake of 
C-ll palmitic acid, we observed a further prolongation of 
C-ll clearance and an increase in residual activity as com-
JACC Vol. 6, No_ 2 
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pared with the ischemic measurement. Early after reper-
fusion the clearance half-time of C-ll paimitic acid in the 
affected segment was 5.6 times longer than in control myo-
cardium. The 20 minute residual activity remained 1.7 times 
larger. At 24 hours, the half-time was 9.6 times longer than 
control which was not significantly different from the 2 hour 
reperfusion value. The residual activity did not change sig-
nificantly during the first 24 hours of reperfusion. 
As discussed earlier, F-18 deoxyglucose was injected for 
the first time 24 hours after reperfusion. The sustained ab-
normalities of C-ll palmitic acid kinetics at this time were 
matched by a relative increase of F-18 deoxyglucose uptake 
in the reperfused segment, which was even more pro-
nounced when the data were normalized for mood flow. 
Positron emission tomographic images of the same cross 
section in one dog obtained 24 hours after reperfusion are 
displayed in Figure 4A. The N-13 ammonia scan shows a 
relative decrease of blood flow in the reperfused segment. 
The serial images after C-ll palmitic acid injection indicate 
that the initial uptake of C-ll palmitic acid parallels blood 
flow; however, clearance of C-ll palmitic acid activity is 
markedly delayed in the reperfused segment as compared 
with control segments, as evidenced by the increased re-
sidual activity in the reperfused segment. The same 
cross-sectional images after F-18 deoxyglucose injection 
demonstrate increased F-18 deoxyglucose uptake in the re-
perfused segment matching the area of impaired C-ll clear-
ance. The regional C-ll time activity curves obtained from 
control and reperfused segments of the same example are 
shown in Figure 4B. The clearance of C-Il activity in the 
reperfused segment is markedly prolonged as indicated by 
the prolonged clearance half-time and the increased residual 
activity at 20 minutes. 
Blood flow in the reperfused segment at 1 week after 
reperfusion had further improved and was no longer dif-
ferent from control at 4 weeks in the surviving animals 
(Table 1, Fig. 2). The metabolic indexes recovered most 
markedly between 24 hours and 1 week after reperfusion, 
in parallel with the time course of functional recovery (Fig. 
3). At 4 weeks, residual activity and clearance half-time 
were not significantly different in control and reperfused 
myocardium (Table 2). Fc 18 deoxyglucose uptake in the 
reperfused segment normalized in the surviving animals and 
was similar to that in control myocardium at 4 weeks. 
Histology. The postmortem examination of the left an-
terior descending artery revealed patency in all but one 
animal. In this dog, which died 36 hours after occlusion, 
the artery was occluded at the location of the balloon oc-
clusion and a transmural infarct was found; in addition, 65% 
of the mid-left ventricular cross section showed histologic 
evidence of necrosis. One dog, which died 48 hours after 
reperfusion, had evidence of hemorrhagic infarction. Two 
dogs died early (8 and 18 hours after reperfusion); each had 
a large transmural infarct. The mean amount of necrosis 
JACC Vol. 6. No.2 
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Table 2. Data Obtained by Positron Emission Tomography in 10 Dogs 
Reperfusion 
I Week 4 Weeks 
Control Occlusion 2 Hours 24 Hours (n = 8) (n = 7) 
NH3 uptake 0.94±0.11 0.32 ± 0.11 t§ 0.57 ± 0.18+ 0.61 ± 0.27+ 0.74 ± 0.19* 0.83 ± 0.21 
Isch/rep 
CPA uptake 0.36±0.11* 0.54 ± 0.26* 0.56 ± 0.31* 0.7 ± 0.24* 0.76 ± 0.16 
Isch/rep 
C-II TIR (min) 
Isch/rep 36.0 ± 15.9* 84.7 ± 102* 124.4 ± 149* 32.6 ± 19.6* 24.7 ± 9.9 
Control 10.8 ± 3.6 15.1 ± 6.6 13.2 ± 4.1 16.9 ± 7.3 17.2 ± 4.1 
RA(%) 
Ischlrep 76.5 ± 13.5* 82.8 ± 9.9* 83.0 ± 8.7* 63.7 ± 16.3* 49.4 ± 7.1 
Control 38.0 ± 8.5 43.9 ± 11.9 42.4 ± 5.7 43.0 ± 11.2 45.9 ± 5.0 
FOG uptake 
Isch/rep 1.49 ± 0.62* 1.2 ± 0.5 1.0 ± 0.3 
FOG/NH3 2.27 ± 1.4* 1.6 ± 0.7* 1.22 ± 0.4 
* p < 0.05; t p < 0.01 (paired t test vs. control myocardium); + p < 0.05; § P < 0.01 (analysis of variance vs. control study). Values for C-II 
palmitic acid (CPA) uptake, F-18 deoxyglucose (FOG) uptake and N-13 ammonia (NH3) uptake represent the uptake ratio between ischemic/reperfused 
(Isch/rep) and control myocardium. FOG/NH3 indicates the ratio of F-18 deoxyglucose to N-13 ammonia uptake in the ischemic/reperfused segment; RA 
= C-II residual activity; TIR = C-II clearance half-time. 
found in the mid-left ventricular cross section of animals 
surviving less than I week was 55 ± 10.53%. In contrast, 
animals surviving more than I week had only 13.2 ± 12.3% 
of the mid-left ventricular cross section infarcted. The en-
docardium showed 18.2 ± 16.3% necrosis, while in the 
epicardium only 8.4 ± 6.2% necrosis was found. 
Correlative findings. When the results in the individual 
animals were compared, there was a significant relation 
between the relative degree of functional recovery during 
the reperfusion period and the amount of necrosis found in 
the territory of the left anterior descending coronary artery 
(r = 0.79). UptakeofC-11 palmitic acidandN-13 ammonia 
2 hours after reperfusion correlated closely with the extent 
of necrosis found at autopsy (r = 0.93, r = 0.86, respec-
tively), whereas F-18 deoxyglucose uptake correlated only 
weakly with the amount of necrosis (r = 0.52) (Fig. 5). 
Four weeks after reperfusion, regional function was im-
proved more than 60% of the preocclusion value in four 
animals, whereas in three others, function remained below 
30% of the control value. In the former group, regional 
function averaged 90 ± 21 % of the preocclusion value at 
4 weeks; necrosis in the reperfused myocardium was only 
8 ± 3%. Relative blood flow in the reperfused segment 
with N-13 ammonia returned to 93% of that in control myo-
cardium in the same cross section, in parallel with a relative 
C-II palmitic acid uptake value 86 ± 16% of the control 
value. F-18 deoxyglucose uptake (6% higher [not signifi-
cant]) and C-Il palmitic acid kinetics (residual activity 5% 
higher [not significant]) were similar in the reperfused and 
control myocardium. 
In the three animals with poor recovery, regional func-
tion averaged 22 ± II % of the preocclusion value at 4 
weeks with 37 ± 10% necrosis in the reperfused segment. 
N-13 ammonia blood flow was 52.3 ± 17.6% of that of 
control myocardium, and relative C-li palmitic acid uptake 
was 47.3 ± 15.1%. 
Figure 6 shows positron emission tomographic images 
obtained 24 hours after reperjusion in one dog with exten-
sive myocardial infarction in the vascular bed of the left 
anterior descending coronary artery, as demonstrated by the 
triphenyltetrazolium chloride stain obtained 4 weeks after 
reperfusion. The blood flow image obtained during occlu-
sion indicates the extent of ischemia. Removal of the balloon 
catheter failed to increase blood flow in the ischemic seg-
ment as seen on the 24 hour N-13 ammonia scan. There is 
no uptake of C-ll palmitic acid or F-18 deoxyglucose in 
the previously ischemic segment. Of note is the delayed 
clearance of C-II activity in myocardium adjacent to the 
metabolic defect. This regional abnormality of fatty acid 
metabolism is matched by increased F-18 deoxyglucose up-
take. Histologically, this segment showed only 5% necrosis 
in the subendocardium in contrast to 62% necrosis in the 
center. Concordantly, regional function in the reperfused 
segment increased by only 10% in the 4 weeks following 
the ischemic episode. 
In contrast, Figure 7 shows positron emission tomograms 
at 24 hours in one dog with little evidence of necrosis in 
the vascular territory of the left anterior descending coronary 
artery (histologically <5% necrosis). At 24 hours of re-
perfusion, blood flow and C-ll palmitic acid uptake had 
markedly improved in the reperfused segment; however, C-
11 clearance remained slow. F-18 deoxyglucose uptake in 
the reperfused segment was markedly increased as compared 
with that in normal tissue, matching the area of impaired 
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Figure 3. Mean data and standard deviations of blood flow. C-
II palmitic acid (CPA) uptake and kinetics as well as F-18 deoxy-
glucose (FOG) uptake. All data are expressed as the ratio of 
ischemic reperfused to control myocardium. C-II palmitic acid 
kinetics are represented by the clearance half-time (Tv,) of C-ll 
palmitic acid during the first 20 minutes after injection and residual 
activity (RA) at 20 minutes after injection. F-18 deoxyglucose 
uptake is also expressed as FOG uptake normalized to N-13 am-
monia (NH3) uptake (FDG/NH3 ). The difference of the ratios from 
I was tested statistically using the paired t test. 
C-II clearance. In contrast, regional function in the reper-
fused segment remained severely impaired at 24 hours (Fig. 
8), but subsequently returned to 95% of control level at 4 
weeks of reperfusion. 
Discussion 
Our results indicate that metabolic recovery is prolonged 
after transient ischemia in canine myocardium. Restoration 
of metabolic function paralleled the slow functional recov-
ery. Furthermore, metabolic indexes, such as C-ll palmitic 
acid kinetics and F-18 deoxyglucose uptake, identified vi-
able but injured tissue early after the ischemic event, before 
significant functional improvement occurred. 
Methodologic considerations. With positron emission 
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tomography, the noninvasive evaluation and quantitation of 
regional myocardial metabolism have become possible, 
However, the accuracy of the quantitative measurements of 
tracer concentration in the heart is limited by the image 
resolution and sensitivity of currently used instrumentation 
(18). In particular, transmural distribution of the tracer con-
centrations cannot be assessed with current image technol-
ogy, Additionally, images were acquired in an ungated mode 
because the imaging procedure would have been unduly 
prolonged. Therefore, no attempt was made in this study to 
quantify blood flow or metabolism in absolute terms. 
These technical limitations are exemplified by the relation 
between relative blood flow measurements by positron emis-
sion tomography and the microsphere technique. Early after 
reperfusion (up to 24 hours), there was a 26% underesti-
mation of blood flow by positron emission tomography and 
at I and 4 weeks a close agreement between both mea-
surements was observed (Tables I and 2), As recently dem-
onstrated (18,19), this underestimation is caused by regional 
wall motion abnormalities, which decrease the count re-
covery in comparison with that in normally functioning con-
trol myocardium. However, previous work in our laboratory 
(20,21) has shown that tissue N -13 ammonia concentration 
correlates closely with microsphere blood flow. 
Bloodjlow distribution versus regional metabolism. The 
relative blood flow distribution was compared with regional 
metabolism employing established tracers of substrate me-
tabolism. C-Il palmitic acid was used as a tracer of myo-
cardial fatty acid metabolism. After injection of C-ll pal-
mitic acid, C-Il activity clears in a biexponential pattern 
from myocardium (13). The early rapid clearance phase has 
been linked to oxidation of fatty acids (22). Consequently, 
we determined the clearance rate of this phase as a variable 
of C-ll palmitic acid oxidation. Because this rate may be 
contaminated by back diffusion of C-II palmitic acid into 
the vascular space, especially during occlusion and early 
after reperfusion (23,24), we added the relative residual 
activity 20 minutes after injection as an index of C-ll pal-
mitic acid or labeled intermediate that remains in the my-
ocyte and does not enter the oxidative pathway. We mea-
sured this residual activity 20 minutes after injection of C-
II palmitic acid because previous experiments in our lab-
oratory (13,23) had indicated that at this point the early 
rapid phase of C-II clearance has been completed in canine 
myocardium. We are aware that this approach yields only 
a qualitative analysis of regional C-II clearance and not a 
quantitative determination offree fatty acid oxidation. How-
ever, previous work (13,22,23) has shown that these vari-
ables can be used to identify regional changes and abnor-
malities of fatty acid metabolism. 
We used F-18 deoxyglucose, which traces transmem-
branous transport and phosphorylation of glucose, for eval-
uating exogenous glucose utilization. Its validity as a tracer 
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'., T, = 52.2 min · ... ·· ... ,/2 
Figure 4. A, Images of a mid-left 
ventricular cross section in one dog 
obtained 24 hours after reperfusion. 
Blood flow image after N-13 ammonia 
(NH3) injection (upper left corner) 
shows decreased activity in the reper-
fused segment. The corresponding F-
18 deoxyglucose (FDG) image (upper 
right) demonstrates increased uptake 
of F-18 deoxyglucose within the re-
perfused segment with little uptake in 
control myocardium (dotted out-
lines). The two images in the lower 
panel were obtained after C-II pal-
mitic acid (CPA) injection. The image 
on the left was acquired early after 
injection and depicts the initial C-II 
distribution, which parallels blood flow. 
The second image, obtained at 30 min-
utes after injection, demonstrates de-
layed clearance of C-II activity from 
the reperfused segment corresponding 
to the increased F-18 deoxyglucose 
uptake. B, Regional time-activity 
curves obtained from serial C-II pal-
mitic acid images in the same dog. The 
solid curve was derived from regions 
of interest placed in the control myo-
cardium and the dotted curve from 
reperfused myocardium. Initially, there 
is decreased uptake of C-II palmitic 
acid in the reperfused segment. The 
slower clearance (Tv,) and higher re-
sidual activity (RA) at 20 minutes sug-
gest impairment of fatty acid metab-
olism in the reperfused segment. 
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Figure 5. A, Relation between functional recov-
ery (expressed as percent of function in control 
myocardium) and subendocardial necrosis in the 
reperfused segment in eight dogs surviving more 
than I week. B,C,D, Relation between relative 
r = 0.52 uptake of N-13 ammonia (NH3), C-1I palmitic 
Y = 2.7-0.021x acid (CPA), F-18 deoxyglucose (FDG) and per-
cent transmural necrosis in the reperfused segment. 
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Occlusion 24 Hr Reperfuslon 
NH3 FOG 
TTC Early CPA 
Figure 6. Images in one dog 24 hours after a 3 hour occlusion 
of the left anterior descending artery produced a large myocardial 
infarct. For comparison, a blood flow image (NH3) acquired during 
occlusion is displayed in the upper left corner. There is no res-
toration of blood flow at 24 hours (upper right) nor is there uptake 
of C-ll palmitic acid (CPA) in the reperfused segment (lower 
left). Note, however, in segments adjacent to the infarct zone the 
slower clearance rate of C-ll activity associated with increased 
F-18 deoxyglucose (FDG) uptake, suggesting a metabolic "border 
zone" surrounding the necrotic area. The tetratriphenyl chloride 
(TIC) stain 4 weeks after the ischemic event reveals transmural 
infarction in the anterior wall (arrow). 
of exogenous glucose utilization has been demonstrated pre-
viously in rabbit and canine myocardium (25,26). 
Correlation with regional function. The blood flow and 
metabolic findings were correlated with regional function 
measured using ultrasonic crystals implanted subendocar-
dially. We are aware that comparison of subendocardial 
function and transmural scintigraphic information is limited 
because of the low spatial resolution of the present tomo-
graph and that quantitative correlation is limited. However, 
it has been shown that subendocardial shortening correlates 
with transmural thickening (27), and may therefore be used 
to characterize qualitatively the functional state of the re-
perfused myocardium. For correlation it would be ideal to 
measure flow, metabolism and function at the same time 
with one image mode, which, it is hoped, will be feasible 
with the new generation of positron emission tomographs. 
Data interpretation. The 3 hour balloon occlusion of 
the left anterior descending coronary artery in the closed 
chest dog model produced varying degrees of ischemic in-
jury. In some animals transmural infarction was found, while 
in others very little evidence of necrosis could be demon-
strated (Fig. 5). This finding is in contrast to earlier work 
(28) in open chest preparations in which 20 to 40 minutes 
of ischemia caused irreversible tissue injury. However, the 
degree of an ischemic injury is affected not only by occlu-
sion time, but also by both myocardial energy demand and 
residual blood flow provided by collateral channels (29). 
The myocardial oxygen demand in our model may have 
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been lower because of several factors. First, anesthesia used 
in this study resulted in considerably lower heart rate and 
blood pressure than are usually observed during pentobar-
bital anesthesia in the open chest preparation. Second, the 
closed chest preparation is less traumatic than the open chest 
model, which may influence circulating plasma catechol-
amine levels and, consequently, myocardial energy demand. 
In addition, dissection and ligation of a coronary artery in 
the open chest model may alter vascular reactivity and re-
duce further blood flow in the peripheral vascular bed. The 
microsphere blood flow measurements obtained at the end 
of the 3 hour balloon occlusion showed a transmural flow 
reduction to 24.5 ± 12% of that in control myocardium in 
the occluded vascular bed, indicating considerable collateral 
circulation distal to the occlusion site. The segmental length 
measurements in the subendocardial myocardium during oc-
clusion, however, documented severe functional impair-
ment in all animals with relatively little variation, indicating 
the presence of regional ischemia. 
Early functional and metabolic changes after reperfu-
sion. With reperfusion, blood flow increased significantly 
but regional function in the affected area remained severely 
impaired. In two dogs, it further deteriorated during the first 
24 hours of reperfusion (Fig. 2B). This failure of immediate 
functional recovery of reversibly injured tissue has been 
reported previously (30) by several investigators and re-
Figure 7. Images obtained 24 hours after the 3 hour occlusion of 
the left anterior descending artery producing little evidence of 
infarction. Again, an N-13 ammonia study (NH3) acquired during 
occlusion is displayed for comparison in the upper left corner. 
Blood flow is restored at 24 hours (NH3); the initial C-ll palmitic 
acid (CPA) uptake (early) parallels blood flow distribution, but 
the late image demonstrates slow clearance of C-ll activity from 
the reperfused segment, indicating regionally impaired fatty acid 
metabolism. The F-18 deoxyglucose (FDG) image (upper right 
corner) shows increased uptake, corresponding to impaired C-ll 
clearance in the reperfused segment. The tetratriphenyl chloride 
stain (TIC) obtained 4 weeks later shows no evidence of gross 
myocardial infarction. 
Occlusion 24 Hr Reperfusion 
NH3 FOG 
TTC Early CPA late 
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Figure 8. Hemodynamic and func-
tional data obtained in the same dog 
as shown in Figure 7. Regional func-
tion in the ischemic segment is se-
verely depressed during the occlusion 
and early reperfusion period. At 4 
weeks, function returned to 95% of 
control in the reperfused segment. AoP 
= aortic pressure; dP/dt = maximal 
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trocardiogram; LV = left ventricular; 
L VP = left ventricular pressure. 
Segment 
Length ~~~~~~~ 
(mm) 8-
Control 
Segment 
Length 
19-
(mm) 11-
Dog 487 
ferred to as "stunned myocardium." In our study, function 
improved most strikingly between 24 hours and I week after 
reperfusion, whereas between 1 and 4 weeks of reperfusion 
there was no further significant change in functional vari-
ables. These data are in agreement with the results reported 
by others (29,31), describing a similar time course of func-
tional recovery after a transient ischemic injury in the chronic 
dog model. 
Positron emission tomography enabled us to investigate 
for the first time, in vivo, the relation between regional 
function and metabolism after an ischemic injury during a 
4 week period. Our data reveal that the slow functional 
recovery of reversibly injured myocardium occurs in parallel 
with slow metabolic recovery. The effect of acute ischemia 
on substrate metabolism is well known (32), although little 
information is available on the restoration of biochemical 
processes after ischemia. 
Fatty acid metabolism and ischemia. Fatty acid me-
tabolism is very sensitive to ischemia (32). C-ll palmitic 
acid kinetics have been shown (23,33,34) to allow the ex-
ternal detection of ischemically induced abnormalities of 
myocardial fatty acid metabolism. In comparison with N-
13 ammonia images, the uptake of C-ll palmitic acid early 
after injection correlated closely with flow, indicating that 
flow was the major determinant of C-ll palmitic acid uptake 
in our study. 
Uptake of C-ll palmitic acid in reperfused myocardium 
has been linked to cell viability in animal and clinical studies 
(34-36). However, evaluation of this uptake alone does not 
identify a lesion in intracellular fatty acid metabolism. Our 
results indicate that additional information can be gained by 
identifying abnormalities in C-Il clearance despite seques-
tration of C-ll palmitic acid in the tissue. During occlusion, 
the clearance rate of C-ll was significantly prolonged. The 
residual activity in the ischemic segment was larger than in 
the control segment, confirming earlier observations (23,33) 
of severely impaired fatty acid metabolism during ischemia. 
Reperfusion increased C-ll palmitic acid uptake in the pre-
previously ischemic segment and paralleled the increase in 
N-13 ammonia uptake. Despite enhanced metabolic seques-
tration of fatty acid by the tissue, the kinetics of C-ll clear-
ance remained strikingly abnormal during the early reper-
fusion period. 
Thus, the relative increase of the residual activity in the 
reperfused segment in combination with prolonged clear-
ance suggests a slow recovery of fatty acid oxidation after 
reperfusion. In support of this finding are increased levels 
of intermediates of fatty acid metabolism, such as acyl-esters 
and triglycerides, which have been observed during isch-
emia and early reperfusion (32,34). 
Anaerobic glycolysis and ischemia. Regional impair-
ment of C-Il clearance in segments with C-l1 palmitic acid 
uptake was associated with an increase of relative F-18 
deoxyglucose uptake. This finding indicates a shift of sub-
strate metabolism toward glucose utilization in injured myo-
cardium to meet the energy requirements of the surviving 
cells. We have shown previously (35) that the increased F-
18 deoxyglucose uptake in reperfused myocardium indeed 
correlates with increased exogenous glucose consumption. 
In the same study, we demonstrated that lactate and oxygen 
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extraction were significantly decreased at 24 hours of re-
perfusion in the segments with increased glucose consump-
tion, indicating at least partially anaerobic glucose utiliza-
tion over a prolonged period after reperfusion. 
The observed pattern of prolonged abnormality in C-ll 
clearance and relatively increased glucose utilization sug-
gests a hierarchy of substrate metabolism: an ischemic injury 
causes surviving cells to use glucose as energy substrate 
instead of fatty acids, which are preferentially used in the 
normal myocardium. The normalization of C-l1 palmitic 
acid kinetics paralleled by the normalization of relative F-
18 deoxyglucose uptake indicates recovery of oxidative me-
tabolism and return to the use of fatty acid as the primary 
energy source. 
Implications. In addition to the study of the patho-
physiology of tissue recovery from an ischemic insult, the 
early detection of injured but potentially salvageable myo-
cardium is of great clinical importance. Our results clearly 
demonstrate that functional assessment early after reperfu-
sion fails to separate tissue that is reversibly injured from 
tissue that is necrotic. In contrast, positron emission to-
mography provides the unique means to identify not only 
necrosis, but also metabolic abnormalities characterizing 
surviving but compromised tissue. The observed inverse 
relation of blood flow and C-ll palmitic acid uptake early 
after reperfusion with the extent of necrosis demonstrates 
the value of these two variables for assessing infarct size. 
However, the blood flow and C-II palmitic acid uptake 
patterns do not allow assessment of the extent of tissue 
injury. Instead, the increased F-18 deoxyglucose uptake and 
abnormal C-ll kinetics identified compromised tissue be-
yond the area of necrosis. 
We used only qualitative variables of metabolic activity 
in this study. However, the quantitative capabilities of pos-
itron emission tomography, especially with the advent of 
instrumentation with improved image resolution, may en-
able us in the future to define thresholds of metabolic activity 
that are predictive for tissue survival or death after ischemia. 
The predictive value of such metabolic imaging may be of 
major importance in patients with acute myocardial infarc-
tion, in order to define salvageable myocardium. 
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